For patients with impaired breath-hold capacity and/or arrhythmias, real-time cine MRI may be more clinically useful than breath-hold cine MRI. However, commercially available real-time cine MRI methods using parallel imaging typically yield relatively poor spatio-temporal resolution due to their low image acquisition speed. We sought to achieve relatively high spatial resolution (~2.5 3 2.5 mm 2 ) and temporal resolution (~40 ms), to produce high-quality real-time cine MR images that could be applied clinically for wall motion assessment and measurement of left ventricular function. In this work, we present an eightfold accelerated real-time cardiac cine MRI pulse sequence using a combination of compressed sensing and parallel imaging (k-t SPARSE-SENSE). Compared with reference, breath-hold cine MRI, our eightfold accelerated real-time cine MRI produced significantly worse qualitative grades (1-5 scale), but its image quality and temporal fidelity scores were above 3.0 (adequate) and artifacts and noise scores were below 3.0 (moderate), suggesting that acceptable diagnostic image quality can be achieved. Additionally, both eightfold accelerated real-time cine and breath-hold cine MRI yielded comparable left ventricular function measurements, with coefficient of variation <10% for left ventricular volumes. Our proposed eightfold accelerated real-time cine MRI with k-t SPARSE-SENSE is a promising modality for rapid imaging of myocardial function. J. Magn. Reson. Imaging 2012; 000:000-000. V C 2012 Wiley Periodicals, Inc.
For patients with impaired breath-hold capacity and/or arrhythmias, real-time cine MRI may be more clinically useful than breath-hold cine MRI. However, commercially available real-time cine MRI methods using parallel imaging typically yield relatively poor spatio-temporal resolution due to their low image acquisition speed. We sought to achieve relatively high spatial resolution (~2.5 3 2.5 mm 2 ) and temporal resolution (~40 ms), to produce high-quality real-time cine MR images that could be applied clinically for wall motion assessment and measurement of left ventricular function. In this work, we present an eightfold accelerated real-time cardiac cine MRI pulse sequence using a combination of compressed sensing and parallel imaging (k-t SPARSE-SENSE). Compared with reference, breath-hold cine MRI, our eightfold accelerated real-time cine MRI produced significantly worse qualitative grades (1-5 scale), but its image quality and temporal fidelity scores were above 3.0 (adequate) and artifacts and noise scores were below 3.0 (moderate), suggesting that acceptable diagnostic image quality can be achieved. Additionally, both eightfold accelerated real-time cine and breath-hold cine MRI yielded comparable left ventricular function measurements, with coefficient of variation <10% for left ventricular volumes. Our proposed eightfold accelerated real-time cine MRI with k-t SPARSE-SENSE is a promising modality for rapid imaging of myocardial function. J. Magn. Reson. Imaging 2012; 000:000-000. V C 2012 Wiley Periodicals, Inc. Key words: MRI; heart; real-time; cardiac cine; compressed sensing; k-t SPARSE-SENSE Noninvasive assessment of myocardial function plays an important role in the management of various cardiac diseases (1) (2) (3) (4) (5) (6) (7) . Breath-hold cine MRI with balanced steadysteady free precession readout, which is now considered the gold standard for imaging myocardial function, offers good spatial resolution, high blood-to-myocardium contrast, and exquisite image quality (8, 9) . However, in patients with impaired breath-hold capacity and/or arrhythmias, breath-hold cine MRI may yield nondiagnostic image quality. In these patients, real-time cine MRI may be more clinically useful than breath-hold cine MRI (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
The spatio-temporal resolution requirements for realtime cine MRI have been described by Setser et al. (18) , where the accuracy of left ventricular (LV) function measurements depends on resolution, both spatial and temporal. Commercially available real-time cine MRI methods using dynamic parallel imaging, such as adaptive sensitivity encoding incorporating temporal filtering (TSENSE) (21) or temporal generalized autocalibrating partially parallel acquisitions (TGRAPPA) (22) , typically yield relatively low spatio-temporal resolution (12, 13) , due to their poor image acquisition speed. For example, our clinical real-time cine MRI protocol using TGRAPPA with acceleration factor (R) ¼ 3 produces 2.5 Â 2.5 mm 2 spatial resolution and 114 ms temporal resolution. For patients with tachycardia (>100 bpm) or imaging during stress testing, even higher temporal resolution is desirable.
More advanced investigational image processing methods, in conjunction with parallel imaging, have been reported to further accelerate real-time cine MRI. One method utilizes a Karhunen-Loeve transform filter to improve the performance of auto-calibrated TSENSE or TGRAPPA (23) . Another method performs motion compensated reconstruction using deformable registration (24) . Another recent method performs a retrospective reconstruction to improve spatio-temporal resolution, by performing real-time cine MRI with parallel imaging over multiple cardiac cycles and averaging the results with motion correction techniques (13, 14) . However, such retrospective reconstruction method may not perform well in patients with arrhythmias, because of its need for averaging results over multiple heart beats.
More advanced investigational image acquisition methods have also been reported to further accelerate realtime cine MRI. The presence of spatial and temporal correlations in cardiac cine datasets can be exploited to further accelerate data acquisition, due to sparsity in the spatial-temporal Fourier domain. One such method is the partially separable function model (25) , which has been shown to produce high spatio-temporal resolution for imaging rat hearts (26) . Another investigational method is radial k-t SENSE (27) , which has been shown to yield eightfold accelerated real-time cine MR images with 2.3 Â 2.3 mm 2 spatial resolution and 40 ms temporal resolution. Although this state-of-the-art method is very promising, there are challenges associated with non-Cartesian k-space sampling (e.g., gridding, blurring due to k-space trajectory errors).
An alternative image acquisition method to further accelerate real-time cine MRI is compressed sensing (CS) (28) , which has been applied to accelerate breath-hold cardiac cine MRI (29) (30) (31) (32) . These pioneering works have been important developments but have not been applied for real-time cardiac cine MRI. Recently, a new approach called k-t SPARSE-SENSE (33), based on a combination of k-t SPARSE (29) and sensitivity encoding (SENSE) (34) , has been applied for first pass cardiac perfusion MRI (33) , cardiac T2 mapping (35) and cine phase-contrast MRI (36) . Real-time cardiac cine MRI is also a good candidate for k-t SPARSE-SENSE, because the background is static (due to steady state of magnetization) and the dynamic region (e.g., heart) is relatively small. This condition produces a high degree of spatio-temporal correlation, which could be exploited to achieve signal sparsity with an appropriate transform, such as temporal fast Fourier transform (FFT) (37, 38) , temporal principal component analysis (PCA) (30) (31) (32) or temporal total variation (temporal TV, a.k.a. temporal gradient operation) (39) .
Based on the work by Setser et al (18) and from our clinical experiences, we sought to achieve spatial resolution on the order of 2.5 Â 2.5 mm 2 and temporal resolution on the order of 40 ms, to produce high-quality realtime cine MR images that could be applied clinically for wall motion assessment and measurement of LV function. In this work, we propose to highly accelerate realtime cine MRI using k-t SPARSE-SENSE. The study evaluates image quality and global function measurements yielded by accelerated real-time cine MRI.
METHODS

k-Space Undersampling: Incoherence and Self-Calibration of Coil Sensitivities
The first major component for high performance in CS is incoherent aliasing artifact due to random k-space undersampling. To achieve a high degree of incoherence in time-series data, a random k-space undersampling pattern with higher density at the center of k-space has been proposed (28) (29) (30) (31) (32) , with different variable density random k-space undersampling pattern along time, to distribute the resulting aliasing artifacts along both k y , the spatial frequency in the phase-encoding dimension, and t, the temporal dimension. We modified the realtime cine pulse sequence to use an eightfold accelerated k y -t undersampling pattern, as shown in Figure 1a . Note that temporal average of the sampling pattern, k x -k y , represents the sampling used to perform self-calibration of coil sensitivities. For more details on the random k-space undersampling pattern, please see references (33, 35, 36) .
Numerical Simulation
The second major component for high performance in CS is sparse representation of the image in a known transform domain. We performed a numerical simulation experiment on fully sampled, breath-held cine MR datasets [one shortaxis (SAX) and one long-axis (LAX)] to determine the optimal sparsifying transform and its regularization parameter. The relevant imaging parameters (e.g., spatial resolution, temporal resolution, receiver bandwidth, and flip angle) were similar to the proposed real-time cine MRI protocol (see ''Pulse Sequence'' section below). The k-t SPARSE-SENSE reconstruction was performed using the steps described in the ''Image Reconstruction'' section. This subsection describes the methods and results of the preliminary retrospective numerical simulation experiment which was needed for the prospective acceleration strategy.
Primary Sparsifying Transform: Dynamic Region
The regularization weight was determined empirically by comparing between k-t SPARSE-SENSE images and fully sampled cine MR images, as previously described (33, 36) . Note that k-t SPARSE-SENSE reconstruction was performed on retrospectively eightfold undersampled data ( Fig. 1a for the sampling pattern). Our prior cardiovascular MRI applications of k-t SPARSE-SENSE (33, 35, 36) reported regularization parameter values ranging from 0.01 to 0.05. Thus, we repeated the experiment with regularization weight ranging from 0.005-0.05 (0.005 steps) and calculated the root-mean- square-error (RMSE) between k-t SPARSE-SENSE and fully sampled results. Note that, for each sparsifying transform per regularization weight, RMSE was calculated for the cropped view containing mainly the heart. Figure 2c shows the plot of RMSE as a function of regularization parameter for the heart region. Compared with temporal FFT and temporal PCA, temporal TV yielded lower RMSE, and regularization weight ¼ 0.01 yielded the minimal RMSE for temporal TV (Fig. 2a ). We also performed visual inspection to confirm high temporal fidelity of myocardial wall motion at 0.01 weight. Given these results, we elected to use temporal TV as our sparsifying transform with regularization weight 0.01.
Secondary Sparsifying Transform: Static Regions
We also performed the same analysis on the static region (e.g., chest wall). Figure 2d shows the plot of RMSE as a function of regularization parameter. Compared with temporal PCA and temporal TV, temporal FFT yielded lower RMSE, suggesting that it is superior for suppres-sion of residual aliasing artifacts arising from the static regions. Therefore, to further suppress residual incoherent aliasing artifacts arising from the background, we elected to add temporal FFT as a secondary orthogonal sparsifying transform. The resultant reconstruction algorithm is a combination of temporal TV and temporal FFT (temporal TV þ FFT), where the regularization weight for temporal FFT was empirically chosen to be 10 times lower than that for temporal TV-small enough to not introduce temporal blurring artifacts but large enough to help suppress residual aliasing artifacts arising from the static regions. Given that the regularization weight for temporal FFT is small (0.001), we did not perform a systematic search for the optimum value. Note that both temporal TV and temporal FFT terms were solved simultaneously during reconstruction.
Acceleration Rates
To determine the maximal R with acceptable results, we performed repeated simulation with R ranging from 2-10 FIG. 2. Simulation results comparing the fully sampled reference cardiac cine data to retrospectively eightfold accelerated k-t SPARSE-SENSE results with different sparsifying transforms with regularization weight 0.01: temporal FFT, temporal PCA, and temporal TV. a: In the zoomed view of the heart, temporal TV yielded the lowest RMSE. b: In the chest wall, temporal FFT yielded the lowest RMSE. c and d: Corresponding plots of RMSE for the heart and chest wall regions, respectively, as a function of regularization weight ranging from 0.005 to 0.05. These results show that temporal TV is superior to the other two sparsifying transforms for the dynamic region, whereas temporal FFT is superior to the other two transforms for the static region. Based on these results, we elected to use temporal TV as the primary sparsifying transform with regularization weight 0.01 and temporal FFT as the secondary transform with regularization weight 0.001.
(two steps), where temporal TV with regularization parameter 0.01 and temporal FFT with regularization parameter 0.001 were used for k-t SPARSE-SENSE reconstruction. Figure 3 shows the end-diastolic and end-systolic images for the different R values, as well as their corresponding spatial-temporal plots through the blood-myocardium boundary. These results show that good results can be obtained up to R ¼ 8. Based on this preliminary experiment, we elected to use R ¼ 8 for prospective accelerated acquisitions.
Preliminary Evaluation
For completeness, we performed a simulation experiment comparing the performances of temporal FFT, temporal PCA, temporal TV, and temporal TV þ FFT, using both fully sampled SAX and LAX datasets as references. Both temporal FFT and temporal PCA, as shown in Fig TV þ FFT ( Fig. 4d,e ) did not produce the specific temporal blurring artifact. The signal intensity profiles, through the blood-myocardium boundary, along y-t were also evaluated for all datasets along the white dotted lines drawn on Figure 4a . These spatial-temporal profiles also show more temporal blurring artifacts for the temporal FFT and temporal PCA than temporal TV and temporal TV þ FFT. To further evaluate the temporal fidelity, the reconstructed SAX (four cases) and LAX (four cases) datasets were randomized for blind evaluation by four readers: two cardiologists (A.H., M.B.S.), one pediatric cardiologist (W.K.), and one radiologist (R.P.L.). Each reader independently ranked the temporal fidelity of myocardial wall motion (1-4; highest-lowest). The results, averaged over four readers, showed that both temporal TV þ FFT (1.9) and temporal TV (2.0) produced better temporal fidelity of myocardial wall motion than temporal FFT (2.9) and temporal PCA (3.0). Compared with temporal TV, temporal TV þ FFT yielded 30% lower residual aliasing artifacts in the background (signal-free region outside the body). Based on these preliminary results, we elected to use temporal TV þ FFT as the sparsifying transform for accelerated real-time cine MR data reconstruction.
Pulse Sequence
Our proposed eightfold accelerated, real-time cine MRI sequence was implemented on a whole-body 3 T MRI scanner (Tim Trio, Siemens Healthcare, Erlangen, Germany) equipped with a gradient system capable of achieving a maximum gradient strength of 45 mT/m and a slew rate of 200 T/m/s. The radio-frequency excitation was performed using the body coil. A six-element body matrix coil array and spine coil array (with only six elements on) were used for signal reception.
The relevant imaging parameters for real-time cine were: field of view ¼ 300 Â 300 mm 2 , acquisition matrix size ¼ 128 Â 128, spatial resolution ¼ 2.3 Â 2.3 mm 2 , slice thickness ¼ 8 mm, flip angle ¼ 40 , repetition time/echo time ¼ 2.7/1.37 ms, receiver bandwidth ¼ 1184 Hz/pixel, and temporal resolution ¼ 43.2 ms. The total scan time was two heart beats per slice, with one heart beat to play dummy pulses to achieve steady state of magnetization, and another heart beat to acquire the cine data.
The relevant imaging parameters for breath-hold cine MRI were: field of view ¼ 300 Â 300 mm 2 , acquisition image matrix ¼ 192 Â 192, spatial resolution ¼ 1.6 Â 1.6 mm 2 , slice thickness ¼ 8 mm, flip angle ¼ 40 , repetition time/echo time ¼ 37.5/1.2 ms, retrospective electrocardiogram (ECG) gating with 25 reconstructed cardiac phases, receiver bandwidth ¼ 1300 Hz/pixel, and 1.6fold accelerated GRAPPA reconstruction.
Human Subjects
Twelve healthy human volunteers with no known cardiac disease (11 males and one female; mean age ¼ 26.2 6 2.7 years) and one male patient (age ¼ 45 years) with history of heart transplantation were imaged using both real-time cine and breath-hold cine MRI sequences, to perform preclinical testing and confirmation of comparability of global function measurements with breath hold cine MRI. Fifteen consecutive clinical patients (seven males and eight females; mean age ¼ 49 6 21 years) were recruited for image quality assessment of real-cine MRI in a clinical setting. Human imaging was performed in accordance with protocols approved by Institutional Review Board and was found to comply with the Health Insurance Portability and Accountability Act. All subjects provided written informed consent.
Experiment I: Image Quality and Global Function Measurement Comparison (Real-Time Vs. Breath-Hold Cine MRI)
In the first experiment, 12 healthy human volunteers were imaged using both pulse sequences in a stack of 12 SAX planes covering the entire LV, to compare their resulting image quality (only three views; base, mid, and apex) and global function measurements including end diastolic volume (EDV), end systolic volume (ESV), stroke volume (SV), and ejection fraction (EF). Real-time cine imaging of the entire LV was performed during free breathing with prospective ECG triggering, and breathhold cine imaging was performed with six separate breath holds (two slices per breath-hold) with retrospective ECG gating.
Experiment II: Comparison of LV Function by Real-time Cine MRI with Prospective ECG triggering Versus Breath-Hold Cine MRI With Retrospective ECG Gating
In the second experiment, one male patient with history of heart transplantation was imaged to compare global function measurements between two different end-diastolic frames for real-time cine MRI with prospective ECG triggering. We note that in prospective ECG triggering, it may be difficult to capture true end diastole, which may lead to underestimation of EDV, SV, and EF when compared with retrospective ECG gated acquisitions. In this patient, we imaged a stack of 14 SAX planes covering the entire LV, for two heart beats, to capture true end diastole between the first and second heart beats with prospectively ECG triggered real-time cine MRI. We calculated two sets of global function measurements from this data set: (i) first frame defined as end diastole and (ii) visually identified end diastolic frame, acquired between the first and second heart beats. For reference, another stack of 14 SAX planes was acquired using breath-hold cine MRI with retrospective ECG gating.
Experiment III: Clinical Application of Real-Time Cine MRI
Fifteen patients (seven males and eight females; mean age ¼ 49 6 21 years) were recruited to evaluate the performance (e.g., image quality, wall motion, artifacts, and noise) of our proposed real-time cine MRI pulse sequence. For patient recruitment, the only inclusion criterion was normal sinus rhythm, and our patient population included different cardiac disease conditions. Given that our study was not aimed at a particular clinical indication, only one cardiac view was acquired per patient (12 patients had SAX, three patients had LAX).
Image Reconstruction
k-t SPARSE-SENSE reconstruction was performed offline in MATLAB (R2011b software; Mathworks, Natick, MA) running on windows Server 2003 Standard 64-bit xp platform (Microsoft Corporation, Redmond, WA). As described in Ref. 36 , the coil sensitivity maps were selfcalibrated by averaging undersampled k-space data over time (see Figs. 1b and 6a) and computed using the method described in Refs. 40 and 41. This subsection describes the methods and results of the preliminary experiment to demonstrate that our self-calibrated coil sensitivities are robust. We acquired a data set with external coil calibration data, and compared the results using external coil and self-calibrated coil sensitivities. Figure 5 shows a comparison between self-calibrated and externally acquired (as a prescan) coil sensitivities, as well as their resulting k-t SPARSE-SENSE images. Note that the two sets of data are similar. The benefits of selfcalibrated coil sensitivities are that they are intrinsically registered with the undersampled data and do not require additional time for acquisition.
For the k-t SPARSE-SENSE reconstruction, the l 1norm inverse problem (Fig. 6b ) was solved iteratively using nonlinear conjugate gradient algorithm. The overall flowchart of the image reconstruction is illustrated in Figure 6 . Reconstruction time per slice was about 4.6 min and the total computational time per cine data set (12 slices) was about 1 h in a computer equipped with an Intel Xeon CPU at 2.27 GHz with 24 GB global memory.
Image Analysis
For each subject, three slices (apex, mid, base) were chosen from both real-time and breath-hold cine sets for image quality assessment. A total of 72 (36 real-time cine; 36 breath-hold cine) datasets were pooled and randomized for blinded qualitative evaluation by four readers described previously. Readers independently scored the image quality ( 
For global function assessment, 24 (12 real-time cine; 12 breath-hold cine) SAX stacks of cine datasets were pooled and randomized for blinded quantitative evaluation. The same four readers independently calculated the EDV, ESV, SV, and EF for each data set.
FIG. 6. Schematic flowchart of the image reconstruction method. a: Coil sensitivity maps were self-calibrated by averaging undersampled k-space data over time and computed using the adaptive array combination method. b: Multicoil, zero-filled k-space data, along with the corresponding coil sensitivity maps, were reconstructed using both temporal TV and temporal FFT as the sparsifying transforms, where regularization weight of temporal TV (l 1 ) is 10 times larger than that for temporal FFT (l 2 ). F: 2D spatial FFT; S: coil sensitivity data; T 1 : temporal TV; T 2 : temporal FFT; x: image to be reconstructed; y: acquired undersampled k-space; l 1 and l 2 : regularization parameters.
FIG. 5. a:
Coil sensitivities calculated using an (left column) external reference acquisition (pre-scan) and (right column) self-calibration method. b: The resulting k-t SPARSE-SENSE images using externally and self-calibrated coil sensitivities. Note that two sets of data are very similar, suggesting that our self-calibration of coil sensitivities was robust.
For comparison of prospective ECG triggered real-time cine MRI and retrospective ECG gated breath-hold cine MRI, one cardiologist (A.H.) analyzed a SAX stack of real-time cine MRI data with prospective ECG triggering using two different end diastolic frames (1 and 16, where frame 16 was visually defined as true end diastole) and compared their global function measurements with those obtained using a stack of breath-held cine MR data with retrospective ECG gating.
For evaluation of real-time cine MRI in patients, 15 cine datasets were pooled and randomized for blinded evaluation. The same four readers independently scored the image quality, temporal fidelity of myocardial wall motion, artifact, and noise level for each data set.
Statistical Analysis
For image quality comparison, the reported scores, which were averaged over four readers, represent mean 6 standard deviation. Statistical analysis was performed using Excel (Microsoft Corporation, Redmond, WA). Wil-coxon signed-rank sum test was used to compare the mean scores between two groups, where P < 0.05 was considered to be statistically significant.
For global function comparison, Bland-Altman and coefficient of variation analyses were performed. In addition, interobserver variability within each pulse sequence was also assessed by interclass correlation. All scores were significantly different (P < 0.05). For real-time cine MRI, image quality, and temporal fidelity scores were above 3.0 (adequate), and artifact and noise scores were below 3.0 (moderate). In particular, averaged temporal fidelity score was above 4.0 (good). Note that temporal fidelity of myocardial wall motion is particularly important to assess regional wall motion abnormalities in the context of coronary artery disease.
RESULTS
Experiment I
categories. However, for real-time cine MRI, the image quality and temporal fidelity of wall motion scores were above 3.0 (adequate) and artifacts and noise scores were below 3.0 (moderate), suggesting that acceptable diagnostic image quality can be achieved. According to the Bland-Altman ( Fig. 8 ) and coefficient of variation analyses (Table 2) , all four global function measurements, averaged over four readers, were in good agreement, with coefficient of variation less than 10%. The inter-class correlation ( Table 3) shows that the interobserver variability in calculating global function measurements ranged from moderate to strong for real-time cine MRI and moderate to near perfect for breath-hold cine MRI. Figure 9 shows two potential candidates for an end diastolic frame from the same series of mid-ventricular SAX images acquired with prospective ECG triggering. In this example, the first candidate is cardiac frame 1 and the second candidate is cardiac frame 16 (denoted as frame N in figure) . Note that cardiac frame 16 shows larger LV cavity than cardiac frame 1. In the male patient with heart transplantation, defining cardiac frame 1 as end diastole produced EDV ¼ 86 mL, ESV ¼ 44 mL, SV ¼ 42 mL, and EF ¼ 49%. Defining cardiac frame 16 as end diastole produced EDV ¼ 94 mL, ESV ¼ 44 mL, SV ¼ 49 mL, and EF ¼ 53%. The reference breath-held cine MRI with retrospective ECG gating yielded EDV ¼ 99 mL, ESV ¼ 44 mL, SV ¼ 55 mL, and EF ¼ 56%. This comparison shows that our proposed prospective ECG triggered approach of acquiring real-time cine MR data through two heart beats will ensure capture of true end diastole.
Experiment II
Experiment III Figure 10 shows representative real-time cine MR images in two different patients in different cardiac imaging planes. Real-time cine MRI with k-t SPARSE-SENSE consistently yielded high-quality images in all patients. The mean scores of image quality, temporal fidelity, artifact, and noise were 3.7 6 0.6, 4.3 6 0.7, 1.7 6 0.7, and 1.7 6 0.7, which are similar to the corresponding scores from volunteer data (Table 1) . Again, the image quality and temporal fidelity of wall motion scores were above 3.0 (adequate) and artifact and noise scores were below 3.0 (moderate).
DISCUSSION
This work demonstrates the feasibility of performing eightfold accelerated real-time cine MRI using k-t SPARSE-SENSE, by exploiting a high degree of spatiotemporal correlation in cardiac cine MRI data. Our eightfold accelerated real-time cine MRI protocol can achieve adequate spatial resolution of 2.3 Â 2.3 mm 2 and relatively high temporal resolution of 43.2 ms, with diagnostically acceptable image quality, high temporal fidelity, and relatively accurate global function measurements. This work also demonstrates an approach to capture end diastole with prospective ECG triggering, by continuously performing real-time cine MRI through the second heart beat and visually identifying end diastolic frame. Although real-time cine MRI yielded significantly worse image quality, temporal fidelity, artifact, and noise scores compared with breath-hold cine MRI, image quality and temporal fidelity scores were above 3.0 (adequate), and artifact and noise scores were below 3.0 (moderate). This trend was also true in 15 patients examined. We note that temporal fidelity scores were above 4.0 (good) in both healthy subjects and patients. Temporal fidelity of myocardial wall motion is particularly important to assess regional wall motion abnormalities in the context of coronary artery diseases. Previously reported k-t acceleration methods such as k-t GRAPPA (42), k-t SENSE (27, 43, 44) , and PEAK-GRAPPA (44) also exploit spatio-temporal correlations in the time series data in combination with coil sensitivity information. However, sparsity and coil sensitivity encoding are exploited in a different way than in k-t SPARSE-SENSE. These k-t acceleration methods take advantage of sparsity to reduce signal overlap in the sparse domain due to regularly undersampled data and perform a linear reconstruction to unfold the sparse representation using prior information on this sparse representation and coil sensitivity information. These linear algorithms are computationally less demanding. Acceleration is achieved at the expense of signal-to-noise ratio and residual coherent aliasing artifacts, and additional training data are needed to learn the sparse representation. In contrast, in k-t SPARSE-SENSE, the specific sparse representation is not needed and a nonlinear reconstruction is used to recover the sparse signal coefficients contaminated by incoherent aliasing artifacts pro-duced by an irregular (pseudo-random) undersampling pattern. This nonlinear reconstruction is computationally more demanding. Acceleration is achieved at the expense of residual incoherent aliasing artifacts and loss of low signal coefficients in the sparse domain, and it does not require training data.
The proposed eightfold accelerated real-time cine pulse sequence is a promising investigational method for rapid imaging of myocardial function, particularly for patients with impaired breath-hold capacity, arrhythmias and/or tachycardia. Although this new pulse sequence may be clinically useful, we describe several issues that warrant discussion below.
First, in our preliminary work (37, 38) , only temporal FFT was adopted as the sparsifying transform, which produced temporal blurring of myocardial wall motion. In this work, a combination of temporal TV and temporal FFT was utilized to sparsify the data (Fig. 4e) , where the regularization weight for temporal TV was empirically set to be 10 times larger than that for the temporal FFT. We note that the use of temporal FFT as a secondary sparsifying transform with a low regularization weight reduces residual incoherent aliasing artifacts. Temporal FFT and temporal PCA are good sparsifying transforms to reduce aliasing artifacts because artifacts are spread incoherently over the entire y-f space and y-pca space, respectively. They also exploit the correlation and redundancy over the whole dynamic series. However, some signal coefficients with small signal intensity are also suppressed along with incoherent aliasing artifacts, and this leads to temporal blurring artifacts (37,38), as shown in Figure 4b ,c. Temporal TV, conversely, exploits temporal correlation by taking the gradient of two adjacent temporal frames, producing less temporal blurring than temporal FFT and temporal PCA, as shown in Figure  4d ,e. Second, we observed that regularization parameters in k-t SPARSE-SENSE are crucial. For example, larger parameters produce less residual artifacts at the expense of temporal blurring, and vice versa. In the current implementation, we did not apply any rigorous mathematical criteria to systematically select the regularization parameter. Instead, they were determined empirically based on numerical analysis (see Numerical Simulation). This empirical approach is based on our prior CS work in cardiovascular MRI applications (33, 35, 36) , where a fully sampled dataset was retrospectively undersampled and reconstructed to ''fine tune'' the regularization parameter. Mathematical tools, such as the L-curve, might be a systematic approach to derive regularization parameters. Another approach is to reformulate the CS reconstruction with a regularization parameter based on noise min| |T Á d| | 1 ; subject to| |F Á d À m| | 2 2 e;
where T is the sparsifying transform, F is the FFT operator, d is the image series to be reconstructed, m is the kspace measurement, and e is the noise variance (k-space Gaussian noise). This formulation converges to the same solution, depending on the choice of e, as the lagrangian form used here, as previously described in Ref. 45 . Another approach is to implement parameter-free CS reconstruction, where noise is used to derive the regularization parameter (46) . Although these approaches may offer an easier more physically based way to tune regularization parameters, it may require an additional acquisition for noise estimation. In this study, our focus was to produce high-quality cardiac images, rather than to develop a method to produce optimum results accounting for the entire field of view. Therefore, we elected to determine empirically the regularization weight based on numerical simulation to evaluate the fidelity of cardiac structures and wall motion.
Third, compared with breath-hold cine MRI using retrospective ECG gating, our accelerated real-time cine MRI with prospective ECG triggering with cardiac frame 1 defined as end diastole underestimated EDV, SV, and EF, because of the finite time needed to detect the ECG trigger and acquire an image. We have proposed an alternative approach to overcome this limitation in the future studies, by acquiring real-time cine data with prospective ECG triggering for two heart beats and visually identifying a frame that best represents end diastole ( Fig. 9 ).
Fourth, we used the proposed k-space sampling pattern ( Fig. 1a ) based on our prior experience (33, 35, 36) . Other k-space undersampling patterns were not evaluated. Fifth, our study was performed in a small number of healthy volunteers and patients with cardiac disease and no arrhythmias. Further studies in a larger cohort of patients with a variety of heart disease encountered in clinical practice are necessary to fully evaluate the clinical utility of the proposed accelerated real-time cine MRI. Sixth, we performed real-time cine MRI during free breathing. As such, our LV function measurements may be contaminated with respiratory motion. We note that this is an issue for all other real-time cine MRI methods performed during free breathing. One solution to minimize this problem is to perform imaging with breath holding. Another solution is to perform imaging with respiratory bellows gating, which is compatible for maintaining steady state of magnetization for balanced steady-steady free precession imaging. Finally, the current implementation of k-t SPARSE-SENSE performs the reconstruction of each slice series serially. Parallel computing could be used to reduce the reconstruction time.
CONCLUSIONS
In conclusion, eightfold real-time cine MRI with k-t SPARSE-SENSE can be used to achieve adequate spatial resolution (2.3 Â 2.3 mm 2 ) and relatively high temporal resolution (43 ms), with good image quality and relatively accurate global function measurements. This eightfold accelerated real-time cine MRI pulse sequence may be useful for patients with reduced breath-hold capacity, arrhythmia, and/or tachycardia for qualitative assessment of wall motion and quantitative assessment of LV function.
